As more and more protein structures are determined, there is increasing interest in the question of how many different folds have been used in biology. The history of the rate of discovery of new folds and the distribution of sequence families among known folds provide a means of estimating the underlying distribution of fold use. Previous models exploiting these data have led to rather different conclusions on the total number of folds. We present a new model, based on the notion that the folds used in biology fall naturally into three classes: unifolds, that is, folds found only in a single narrow sequence family; mesofolds, found in an intermediate number of families; and the previously noted superfolds, found in many protein families. We show that this model fits the available data well and has predicted the development of SCOP over the past 2 years. The principle implications of the model are as follows: (1) The vast majority of folds will be found in only a single sequence family; (2) the total number of folds is at least 10,000; and (3) 80% of sequence families have one of about 400 folds, most of which are already known. Proteins 2002;46:61-71.
INTRODUCTION
Knowledge of the complete genome sequences of a number of organisms has led naturally to the idea of completion in other areas of molecular biology. In particular, the notion of completeness of the set of protein structures has arisen. The experimental pursuit of that goal is often termed "structural genomics," and a central question in planning its execution is how many different structures or "folds" have been used in biology. We investigate one method of estimating that quantity, based on the experimental sampling of structure space that has occurred so far. There have been several previous estimates, and we build on that work. In addition to estimating the number of different structures, we also consider the distribution of structure use in sequence space, and the insight this provides into the nature of the evolutionary processes that gave rise to the set of proteins seen today.
The first estimates of the number of folds were based on the apparent number of evolutionarily independent sequence families. Zuckerkandl 1 suggested that the number of protein classes was "…perhaps considerably less… than 1000," and Barker and Dayhoff 2 also estimated that there are approximately 1000 such sequence "superfamilies." Because overall structure is believed to be conserved in evolution, at least out to the limits of detectable sequence relationships, it follows that there would be not more than a thousand independent different folds. As more folds were determined experimentally, it became possible to use structure rather than sequence as the basis for estimating the total number. Chothia 3 observed that the fraction of sequences in genomes that were clearly related to some sequence already in the Swissprot databank was approximately independent of the organism considered, at about one third, and that in turn, about one fourth of the Swissprot sequences were clearly related to one of the 83 then-known folds. From these relationships, he estimated that there are approximately 1000 evolutionarily independent families.
Chothia's model established the principle of using the record of experimentally determined structures to estimate the number of folds, and more sophisticated treatments have followed. All of the methods rely on the association of each fold with one or more sequence families and use statistical models to derive the expected current distribution of fold use.
A convenient and popular catalog of sequence families, superfamilies, and folds is provided by the SCOP database. 4 The Chothia argument implicitly assumes that all folds are approximately equally used in sequence space. Analysis 5 of the protein databank showed that in fact some folds are found in many sequence families and others, so far, in only one. Zhang and DeLisi 6 pointed out that a more reasonable assumption is that all folds were equally likely to be adopted by newly evolving sequence families. Such a process would produce a nonuniform distribution of fold use, with the exact form dependent on the total number of sequence families and the total number of folds. They explored this model, using a simple random sampling process, with no parameters other than the total number of sequence families, to estimate the distribution of fold use expected and the total number of underlying different folds. An impressive verification of the model was its broad compatibility with the then-current SCOP fold/"sequence family" distribution. Surprisingly, the most likely total number of folds was found to be only about 700. More recently, Govindarajan et al. 7 noted that the Zhang and DeLisi model does not account for the existence of superfolds, 5 that is, the set of approximately nine folds that have been seen to represent an anomalously large number of sequence families. These authors found that studies of simple lattice models suggest some folds are able to accept many more different sets of amino acid sequences than others, such that a stretched exponential would be appropriate for describing the distribution of fold use in biology. 8 The two parameters of this distribution were adjusted to fit the current observed distribution of fold use. In contrast to Zhang and DeLisi, 6 they conclude that many folds are rare in biology, producing an estimate of at least 4000 different possible folds. There have been a number of other estimates of the total number of folds, most recently by Wolf et al. Figure 1(A) shows the number of folds that were observed in different numbers of sequence families, according to SCOP, release 1.37. Most folds are only found in a single sequence family (257 from a total of 394), and there is a rapid fall off in the number of observations with increasing sequence family count. The distribution has a tail (not shown) for the superfolds, with the largest number of families for a fold at 31 for the TIM barrel fold. The Zhang and DeLisi model underestimates the number of folds that have only been seen associated with a single sequence family and overestimates the numbers that have been seen in two, three, four, and five families. The Govindarajan et al. model overestimates the number of folds seen in one or in two sequence families.
A second comparison with experiment is provided by the history of the appearance of new folds in the PDB as a fraction of new protein families. Figure 1 (B) shows these data. As Govindarajan et al. point out, there are reasons to be cautious about attempts to fit this curve too closely. In the early days of experimental structure determination, the choice of proteins was limited to those easily obtained, whereas in recent years, improved molecular biology and structure determination techniques have provided access to a high fraction of soluble proteins. A second consideration is that the definition of a sequence family within SCOP may have changed over time. However, most data have been added since the experimental techniques matured, and Figure 1 (B) is based on a single release of data. Thus, although it may be unreasonable to demand an exact fit, it is worthwhile asking whether the observed data are broadly consistent with the proposed models. It is apparent that the Zhang and DeLisi model underestimates the fraction of new folds that should be seen in recent times, whereas Govindarajan et al. consistently overestimate it.
Is there a simple model that fits the complete observed fold-use histogram, follows the history of new fold discovery reasonably, and is based on a simple and reasonable underlying model of fold use in biology? Below we describe one such model and discuss its implications.
THE MODEL
The key concept behind the model is that fold space divides naturally into three different zones: a zone of unifolds, which are found in only a single SCOP family; a zone of mesofolds, where fold use follows the Zhang and DeLisi model; and the zone of superfolds, 5 which are seen much more frequently than the Zhang and DeLisi model can support.
Sequence families are therefore divided into three fractions:
where f U is the fraction of families represented by unifolds (folds with only one sequence family), f M is the fraction of sequence families represented by mesofolds (obeying a Zhang and DeLisi-like model of fold use), and f S is the fraction of sequence families represented by superfolds. The model has four parameters: f U, f M , and f S , and the total number of sequence families, R. R is made up of R U unifold families, R M families with mesofold structures, and R S families belonging to superfolds:
and the total number of folds, N, is the sum of the number of unifolds, N U , the number of mesofolds, N M , and the number of superfolds, N S :
Unifolds
The number of unifold families, R U is equal to the number of unifolds, N U , and so
Mesofolds
The N M mesofolds are distributed over the f M families using the Zhang and DeLisi random fold sampling model. That is, each family is randomly assigned, with equal probability, to one of the N M folds. Then, following Zhang and DeLisi, the number of mesofolds having i families each, N Mi , is given by
Superfolds
Orengo et al. 5 introduced the term superfold to refer to folds that are observed to occur in many apparently evolutionarily independent families. These folds are also associated with an abnormally large number of sequence families, and as a result, clearly do not fit the Zhang and DeLisi model. We therefore treat them separately. The exact number of folds in this category is uncertain, but inclusion of the nine original superfolds produces satisfactory results. So we assume that N S ϭ 9 and that superfolds have been so thoroughly sampled that the currently observed prevalence corresponds to the underlying distribution. Then the number of families, R Si , represented by superfold i is given by
f Si where f Si is the fraction of all families in the current distribution that belong to superfold i. Assuming the only superfolds are the nine folds with the largest number of sequence families and that superfold sequence families have been adequately sampled,
where RЈ is the total number of sequence families whose structure is known, and RЈ s is the number of sequence families currently seen in superfolds. For SCOP 1.37, f S ϭ 0.18.
Number of Sequence Families
As noted by Zhang and DeLisi, 6 the total number of sequence families, R, has little effect on the estimated number of mesofolds. However, in our model, the value of R does affect the estimated number of unifolds. We have used the value of 23100 5 for this parameter, but also explore reasonable limits on its value of 10,000 and 50,000.
Fitted Parameters
The two remaining parameters are f U and f M . An analytical solution for values of these quantities may be obtained using a fit to the total number of sequence families and folds so far observed (see Methods).
More refined estimates of the parameters of the model were obtained by adjusting the preliminary values to fit the histogram of the currently observed distribution of fold use. N M and f U were systematically adjusted to minimize the sum of the squares of the differences between the observed and predicted histograms (excluding the superfold regions). f S was then adjusted so that the model predicted the correct number of currently observed superfold families. Finally, it was shown that the values of N M and f U still minimized the sum of the squares of the histogram residuals (all combinations of 1% changes in the parameters produced an increase in this measure).
METHODS

Fold, Family, and Superfamily Definitions
The terms "fold" and "family" used in this article refer to the definitions in SCOP. 4 This database provides a hierarchical classification of the protein domains in PDB entries. The analysis used releases 1.37 and 1.48. The numbers and definitions of SCOP Classes changed somewhat between these releases, but our analysis used only Classes 1-5 and 7 (globular nonmembrane proteins including small proteins), for which the definitions were unaltered. SCOP has five levels; within each class there are a number of folds, each containing one or more superfamilies. Superfamilies contain one or more families. Only the fold and family levels are used in the present study.
SCOP data were downloaded in flat file form. The SCOP classification numbers were used to identify members of the same fold and family, respectively. The date of first THREE-ZONE MODEL OF PROTEIN FOLD USE deposition on the corresponding PDB files was used to identify the year a structure was deposited. A small fraction of PDB files are replacements of earlier entries and so carry an inappropriate date for our purposes. This introduces small errors into the counts used, too small to affect the conclusions. Histogram data for the numbers of families per fold were generated by a Maple 15 program that counted the number of labels for lower-level divisions within each fold class.
Explicit Forms of the Model Distributions
Suppose that there are N folds in the population from which those currently in SCOP are drawn, and that each fold has a fixed number of sequence families. Suppose n i is the number of folds which have i sequence families and that w i are weights such that n i ϭ N ⅐ w i . The total number of families is
where D is the mean number of families per fold.
Zhang and DeLisi distribution
Using the symbols defined above, the distribution proposed by Zhang and DeLisi 6 has the form:
where NЈ is the number of folds for which there is currently at least one structure known. Assuming R ϭ 23100 5 , this equation applied to SCOP 1.37 (including 395 folds and 833 families) implies N ϭ 728, and from SCOP 1.48 (including 509 folds and 1193 families) N ϭ 855. Zhang and DeLisi give N ϭ 687, based on the June 1997 release of SCOP (361 folds and 736 sequence families).
Distribution of Govindarajan et al.
The optimum form of the model of Govindarajan et al. 7 , derived from SCOP (375 folds and 808 families), was found by these authors to be (using the terms defined here) M ϭ 3756 and
, where C and ␣ are constants. For R ϭ 23,100, we estimated the values of C and ␣ as 1966 and 38.15, respectively, by numerical iteration using the constraints
Three-zone model proposed here
For unifolds, w 1 ϭ 1; w i ϭ 0 for i 1. For mesofolds,
where DЈ is the mean number of sequence families per mesofold. For the nine superfolds, the relative weights w j , j ϭ 1…9 are taken to be equal to the observed relative proportions of the superfolds in the appropriate release of SCOP. For SCOP 
Relative Rates of Discovery of Folds and Families
We give the symbol q to the proportion of structures that represent new sequence families, which also represent new structural folds. We first derive a general expression for q and then apply it to each of the three model distributions considered here.
Suppose that at some stage in the progress of structural biology, there is a high-resolution structure for at least one example of each of RЈ families. This represents a fraction, RЈ/N ⅐ D of all families. If these have been drawn effectively at random from the whole population, the same fraction has been seen of any subset of families. Consider the i ⅐ n i families of the folds that have i families per fold. The probability that any one of these families has not yet been chosen for X-ray crystallographic study is (1 Ϫ RЈ/N ⅐ D). So the proportion of these folds for which no families have yet been seen (i.e., the fraction of these folds that is currently unknown) is ( 
. Hence, the total number of sequences for folds of which no example is yet known is
i , and the total number of unknown sequence families is (N ⅐ D Ϫ RЈ). Therefore, at this stage of discovery, the proportion of new families that represent new folds (i.e., the relative rates of discovery of new families and new folds), which we call q, is given by
This may be simplified to
and this form makes it clear that q is the weighted average of a power series.
Uniform distribution
for w i ϭ 1, for i ϭ D; w i ϭ 0, for i D. q ϭ (1 Ϫ RЈ/N ⅐ D) DϪ1 .
Zhang and DeLisi distribution
Carrying the sum over i to infinity,
Govindarajan et al. distribution
No analytical solution is available for this case, and q was estimated numerically, by summing the first 1000 terms of the explicit form of the distribution:
Three-zone model
The q-curve for the three-zone model was calculated as a weighted average of the curves for each of its components.
Expected Current Distribution of Families per Fold
Zhang and DeLisi (1988) show that (using the symbols defined here) the expected number of folds with m families currently observed is
and hence, for their distribution, that
For the distribution of Govindarajan et al., the summation in Equation 2 was carried out numerically for i ϭ m to 1000, using the explicit form of their distribution:
For the mesofold part of the three-zone model, the Zhang and DeLisi formula was used. Observed unifolds have a single sequence family belonging to them; the total number of observed sequence families in the superfold zone was distributed according to the proportions observed in the appropriate release of SCOP.
Algebraic Solution of the Three-zone Model
In SCOP release 1.48, 211 sequence families belong to the nine superfolds (there are between 13 and 41 families per superfold), so we estimate the proportion of sequence families belonging to superfolds, f S , as 211/1193 ϭ 0.177. Assuming 23,100 sequence families in all, the fraction of all sequence families whose structure has been determined, p s , is 1193/23100 ϭ 0.0516. Assuming no overlap between mesofold and superfold zones, only mesofolds have between 2 and 12, inclusive, sequence families per fold. The number of mesofolds expected to have been seen at least twice can be obtained by summing H m (Eq. 2) for m ϭ 2 to ϱ, and the expected number of sequence families by summing m ⅐ H m over the same range. Analytical expressions for these sums were derived using Maple. The ratio of these two quantities was given the symbol r, that is,
and Maple then provided the solution that
The numerator of the expression for r is the ratio of the number of mesofolds already seen at least twice to the total number of mesofolds; Maple evaluates this term as
Substitution of 1/DЈ and simplification gives
where C is the number of mesofolds already seen at least twice. f M ϭ N M ⅐ DЈ/R, and the final parameter can be obtained from f U ϭ Ϫf S Ϫ f M .
Simulation of Fold Distributions
For a given set of parameter values of f U , f M , f S , and R, the underlying fold use distribution is constructed numerically by assigning each of the R sequence families to a fold, as follows: If the next lowest family selected is number 8, families 6 through 8 are assigned to the second mesofold, and so on. (C) Superfolds are assigned to the f S ⅐ R families according to the relative prevalence of the nine superfolds in the current observed fold use distribution: f S1 ⅐ R S families to superfold 1, f S2 ⅐ R S to superfold 2, and so on.
Given an underlying fold use distribution constructed as above, a simulated current fold set is generated by randomly selecting families from the full set of R families. The selected set of families may then be analyzed to determine how many times each fold is represented, generating a simulated current fold use histogram.
Repeated simulations produce somewhat different fold use histograms. The average histogram from a number of simulations with the same parameters was found to agree with that obtained by the analytical procedure.
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RESULTS
Fit of the Model to SCOP 1.37
Analytical solution for SCOP 1.37, assuming R ϭ 23,100 and using f S ϭ 0.18, gave estimates of N M ϭ 390; f U ϭ 0.19. Refinement gave N M ϭ 395, f U ϭ 0.190, and f S ϭ 0.182. Figure 2 compares the observed histogram of the SCOP 1.37 distribution of sequence families over folds and the discovery curve for new folds, with those generated by this set of parameters. The model provides a close fit both to the histogram and to the curve representing the history of discovery of new folds. The latter fit provides an initial test of the model because these observations were not used to obtain the parameters.
Extrapolation of Models to SCOP 1.48
The data and models presented so far refer to SCOP release 1.37, which was current 2 years ago. There has been a substantial increase in the number of sequence families of known structure classified in SCOP since that time (ϳ50%). We have used SCOP 1.48 to test the predictive power of all three models. Figure 3(A) compares the distribution of sequence families over folds seen in SCOP 1.48 with the corresponding distributions predicted by the models of Zhang and Delisi and of Govindarajan et al., using the SCOP 1.37 parameters, and Figure 3(B) shows the same comparison with the model presented here. As before, the model of Govindarajan et al. overpredicts the number of folds so far seen only once and that of Zhang and DeLisi underpredicts the same quantity. In the latter case, the divergence from observation has markedly increased. By contrast, the model presented here has closely predicted the changes in observed fold use, even though the number of sequence families included in the data has increased by 50%. This prediction provides evidence that the superfold/mesofold/unifold distribution is a significantly more realistic representation of the underlying distribution of sequence families over structural folds than any previous model.
Best-Fit Model to SCOP 1.48.
We derived a new set of model parameters by fitting the model to the enlarged data set represented by SCOP Release 1.48. With the assumption that there are 23100 sequence families in all, the analytical estimates for the other parameters were f U ϭ 0.18, f S ϭ 0.18 and N M ϭ 429. Fitting the parameters to the full histogram of fold use refined these estimates to f U ϭ 0.179, f S ϭ 0.175 and N M ϭ 452. Figure 4 shows the comparison of the best-fit model to the current fold use histogram [ Fig.4(A) ] and to the history of the ratio of new folds to sequence families [ Fig.4(B) ].
Sensitivity to Parameters
The sensitivity of the fit to the precise parameter values was explored by a systematic survey of the effects of changes in the parameters on the predicted histogram and history-of-discovery curve. The survey was carried out by selecting a value for f U and adjusting N M to give the best fit to the fold-use histogram (omitting the superfold region). f S was then adjusted so that the model generated the correct value of the currently observed number of sequence families in superfolds, and a final check was made that the sum of the squares of the residuals of the histogram was at a minimum with respect to changes in N M . Figure 4 also includes histograms and curves for "flanking" sets of parameters, chosen to give values of the root mean square deviation twice and three times that given by the best-fit set. Values of f U below 0.179 (N M Ͼ 452) systematically underpredict the number of folds for which only one sequence family is now known and overpredict those seen more than once. The first column of the histogram indicates the proportion of unifolds among the folds so far seen only once. According to the model, this proportion increases sharply across the range of parameters considered; for the best-fit parameters, about two thirds of the folds for which only one sequence family is now known are true unifolds.
Sensitivity Analysis of the Model
The SCOP data on current fold use are the result of experimental sampling of a small fraction (ϳ5%) of all sequence families. With such a small fraction, a different set of samples would produce a somewhat different current observed fold distribution, and we therefore ask how likely it is that alternative sampling would have led to a model with significantly different values of the parameters. We addressed this question with a simulation procedure. For a given set of parameters, f U , f S , N M , and R, a complete underlying fold-use distribution was constructed. RЈ families were selected at random from this distribution and a hypothetical current-fold use histogram constructed. This sampling was repeated 1000 times for each set of parameters. Further details of the procedure are given in Methods. Figure 5 summarizes the estimates of the model parameters derived from each of 1000 simulations for three sets of parameter values-the best-fitting set to SCOP 1.48, and the two extreme flanking sets from Figure 4 . Flanking values have corresponding fits to the experimental histogram that are clearly worse than those obtained with the central value (the root mean square deviation of the fit to the histogram increased by a factor of about 3 in each case). Figure 5(A) shows that about one in a thousand samplings with either of the flanking sets of parameters gives a fitted value of about 0.18 for f U . That is, the odds are about 1000 to 1 against the true value of f U being as low as 0.1 or as high as 0.22. Figure 5 (B) confirms that the three distributions are qualitatively distinct.
Variation of Sequence Family Numbers
The analysis so far has assumed that there are 23,100 sequence families in all. 5 We repeated the fitting of the three other parameters of the model under the assumptions that there are 10,000 and 50,000 sequence families in all. Table I shows the numbers of folds and sequence families in each class for the best-fitting model in each case. The number of mesofolds and the proportions of sequence families in each type of fold are almost unchanged by variation in the total number of sequence families, whereas the number of unifolds increases sharply as the assumed total number of sequence families rises. Table I shows a markedly different picture, depending on whether the results are viewed from a sequence-space or a fold-space perspective. Although the majority of sequence families are represented by mesofolds, so that the Zhang and Delisi model describes most of sequence family space, an astonishing 90% of folds are excess unifolds. Thus, fold space is dominated by folds representing only one sequence family.
DISCUSSION
Implications for the Rate of Discovery of New Folds
A reasonable goal for structural genomics is to focus on obtaining at least one representative structure for each sequence family. According to the three-zone model, how rapidly will we complete the set of all folds? Figure 6 shows the expected fraction of sequence families that will have representative structures, up to the stage where 6000 sequence families have been sampled. (SCOP 1.48 has representative structures for 1193 families, indicated on the plot.) The model assumes we have already seen all superfolds. The figure shows that, so far, we have seen about 65% of mesofolds, and this will rise to approximately 90% when there are representative structures for 6000 families. However, at this point we will only have seen approximately 25% of unifolds, with the result that some 70% of folds will still be unknown. The picture is sharply different and more positive when looked at from the point of view of the proportion of sequence families for which the fold has already been observed [ Fig. 6(B) ]: We already have representative structures for over 70% of families, but this will now rise very slowly to about 82% when 6000 
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sequence families have been sampled. That is, if it was always possible to correctly assign a fold to a sequence family (providing the fold has already been seen at least once), we would know the folds for 82% of sequence families.
Robustness of the Conclusions
The principal new feature of fold use in the three-zone model is the high fraction of unifolds. That is, most folds represent a rather small number of sequences, all clearly related to each other. What factors in the model could cause this to be an erroneous conclusion? Definitions of a sequence family and a fold are taken directly from SCOP. If SCOP tended to classify folds as different when they should more appropriately be considered the same, folds might appear to represent too few sequence families. A comparison of the SCOP, CATH, and FSSP classifications 10 suggests that if any thing the opposite tendency applies: CATH has some 50% more folds for the set of PDB entries considered than does SCOP. Conversely, excess merging of remote sequences into the same sequence family would reduce the number of new sequence families belonging to already known folds. Although there are some instances of inclusion of remoter sequences in families (e.g., for the globins), these are too rare to affect our conclusions.
The total number of folds depends critically on the total number of SCOP level families. To some extent, the definition of a SCOP family is arbitrary, arising from the state of art in sequence comparison methods a few years ago. The value of 23,100 families suggested by Orengo et al. 5 was also based on data available some years ago. We have made a new estimate, based on analysis of the "pfam A" family collection. 11 Pfam is a hand-curated family set based on a Hidden Markov Model method 12 for detecting evolutionary relations among sequences and so typically produces larger families than those in SCOP. For other purposes, 13 we have determined the number of structures that would need to be solved in order to model all pfam (release 4.4) family members based on 30% or more sequence identity. Because SCOP families are based on approximately this level of sequence identity, this estimate is also approximately the number of SCOP families contained within pfam A. That number is approximately 16,000. Pfam A only covers approximately half the sequences currently in the NR database, so this is clearly a low-end estimate. A simple estimate of the final number of SCOP families can be derived from extrapolation of current coverage of fully sequenced genomes by pfam. For a representative set of genomes, about one fourth of the amino acid residues fall inside a pfam family. Assuming that as more families are added, the rest of sequence space will cluster as well as that represented by the current pfam, there will therefore be approximately 4 ϫ 16,000 ϭ 64,000 SCOP level families. Thus, the higher limit of 50,000 families considered in Table I is likely to turn out to be the most relevant. The table shows that the principal consequence of a higher number of sequence families is a substantially higher total number of folds, nearly all of them unifolds.
Implications for Evolution of Proteins.
The most striking implication of the three-zone model is that nearly all folds will be unifolds; that is, they will turn out to be narrowly distributed in sequence space. What evolutionary mechanisms might account for such a phenomenon? Four possible explanations suggest themselves: "isolated" in function space. That is, there is no biological need for new functions that could be easily derived from the ones they have. In contrast, mesofolds would then typically represent folds that started with a function that could be usefully modified, but only with the accumulation of substantial sequence changes. 4. Most folds arose at approximately the same time, but covered a limited set of functions. New functions arose from existing ones by adapting existing folds. The more ways a fold has already been adapted, the more likely it becomes that one of the existing forms will be most easily adapted to an additional function. This type of radiation leads to a power law dependence on fold use, 14 approximately like the observed distribution.
Distinguishing among these possibilities requires additional analysis outside the scope of this article.
